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ARTICLE INFO ABSTRACT

In this study, the crack behaviour of porous kaolin based ceramics was experimentally investigated. The samples
(ceramic bodies) were fabricated with the inclusion of pore formers in determined proportions and subjected to
heat treatment. Next, the apparent porosity of the samples was measured using the water immersion method.
The values confirmed the increased porosity (up to 47%) for the samples with embedded pores. We speculated
that the open pores on the surface of the samples which were quite evident, especially with styrofoam as pore
formers, may also have penetrated through, hence the enhanced porosity values for the samples. Acoustic
emission (AE) activity which reveals the formation of microcracks in the ceramics due to the different thermal
expansion coefficients in the cooling stage was recorded for the samples. The first signals of AE counts appeared
at 800 °C, where the compressive stresses between the different phases (particles with different coefficients of
thermal expansion) led to an appearance of microcracks. By introducing porosity to the samples, the AE signals
were less pronounced. This was evident for the samples with sawdust as pore formers, and it was inferred that in
this sample, microcracking was suppressed. As a validation protocol for AE measurements, mechanical mea-
surements on the produced samples were conducted through the indentation technique to obtain the fracture
toughness of the samples. The results conformed to the observation made during AE measurements. The samples
embedded with sawdust as porogens produced the highest fracture toughness of 4.77 MPa.m'/2 by reason of the
suppression of microcracking after heat treatment.
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1. Introduction

Simply by reason of their intrinsic properties, porous ceramics have
gained significant attention for many industrial applications such as
filters (Dey et al., 2013), catalyst support (Danwittayakul and Dutta,
2014), thermal insulators (Fukushima and Yoshizawa, 2016), and heat
exchangers (Villanueva and de Mello, 2015) due to their specific
properties like large surface area, high permeability, thermal stability
and low thermal conductivity (Obada et al., 2016a; Obada et al.,
2016Db). One of the simple procedures to fabricate porous ceramics is by
using pore-forming agents (Rice, 1998; Scheffler and Colombo, 2006;

Studart et al., 2006) which are introduced during the fabrication pro-
cess and burn out completely during sintering. In addition, high tem-
perature sintering has the tendency to sufficiently increase the strength
while reducing the open porosity to some extent. Nonetheless, the pores
generated in this way are usually believed to degrade the mechanical
integrity (Ohji and Fukushima, 2012). Hence, it is important to eluci-
date the degradation tendency of, for instance, fracture behaviour of
ceramic membranes which are expected to resist large pressure gra-
dients that are induced during their practical applications (Biesheuvel
and Verweij, 1999). In addition to using porogens, further fabrication
routes involve solid state sintering and chemical methods (Mei et al.,
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2000; Azin et al., 2005; Gonzalez-Velasco et al., 2005; Kouras et al.,
2017). Assessing these methods, solid state sintering method has been
used extensively by reason of its simplicity. However, this protocol only
suits very high temperatures which consequently cause the appearance
of cracks and loss in mechanical integrity.

The relationship between the starting materials and advanced fab-
rication processes of ceramic substrates has led to a considerable pro-
gress in this area of scientific importance and have provided a new class
of high performance inorganic ceramic membranes which combines
well defined porosity, mechanical strength, separation efficiency and
selectivity, etc. (Lenza and Vasconcelos, 2000; Romanos et al., 2001;
Van Gestel et al., 2002; Chang et al., 2014; Obada et al., 2016¢; Obada
et al., 2017a; Obada et al., 2017b; Obada et al., 2017c). The mechanical
integrity of these membranes has also been a subject of intense interest
(Zhu et al., 2015; Obada et al., 2017a; Zuo et al., 2017; Aziz et al., 2019;
Wang et al., 2019; Yang et al., 2019).

Despite the very broad interest in ceramic membranes at the mo-
ment, the fracture behaviour of the membranes during cooling have
received limited attention especially when it relates to porous mem-
branes which originally have had their mechanical properties degraded
by the embedded pores. Fracture toughness is a property that gives
information about the resistance of membranes to crack growth and
fracture, and is another important property of ceramics membranes
which is hugely considered for design application (Green, 1998).
Fracture typically occurs when the stress applied is enough to break the
atomic bonds inherent in the solid (Anderson and Anderson, 2005;
Scholz, 2002).

Some research efforts on the mechanical measurement of porous
ceramics mainly focused on the influence of the inherent microstructure
on mechanical integrity (Chakrabarti et al., 1994; Jang et al., 2010) and
heat treatment (Kim et al., 1999; Wilhelm and Wruss, 2000; Obada
et al., 2017a) during the ceramic processing. There is a clear need to
reveal preliminary findings on the crack propagation mechanisms and
fracture toughness of porous ceramics. Hence this study is divided into
two portions:

1. To verify the effect of pore generating agents on the crack propa-
gation and fracture behaviour of thermally treated ceramic bodies,
especially during cooling.

2. As a validation protocol to the current study on crack propagation of
porous ceramics, since the appearance of cracks may result in the
reduction of mechanical properties, mechanical properties of porous
thermally treated ceramic pellets using the same pore formers was
reported.

2. Experimental
2.1. Materials and processing

Kaolin obtained from Kankara and Kibi deposits in Nigeria and
Ghana were used after a beneficiation process as elaborated in a pre-
vious study (Obada et al., 2016a). Sawdust and styrofoam were used as
pore generators with a broad range of particle sizes: 1 nm-8000 nm
(Obada et al., 2017b). The processed pore formers were mixed singly
with kaolin in different ratios by volume (see Table 1). The elemental
composition of kaolin (Kankara and Kibi kaolin) used for the samples

Table 1
Composition of the Batch formulation.

Sample Kankara Kibi Kaolin- Saw dust  Styrofoam (%
code. Kaolin (g) Plasticizer (g) (% vol.) vol.)

A 70 20 10

B 70 20 10 -

C 80 20 - -
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fabrication revealed that the kaolin used were composed mainly of
aluminosilicates while the structure of the base kaolin (Kankara kaolin)
suggested that the clay consists of mainly kaolinite, quartz, and illite.
Kibi kaolin was practically noticed to be more plastic comparatively
and was used as a plasticizer.

2.2. XRD analysis of kaolin and pore formers

To investigate the structure and phases present in the raw materials,
X-ray powder diffraction (XRD) patterns were collected on an
Empyrean diffractometer operating a copper tube (A = 1.5418A)
generated at a voltage of 40 kV and a current of 30 mA. The goniometer
was set at a scan rate of 0.033°/s over a 20 range of 5-80° for kaolin
(considering the existence of illite) and 10-80° for the pore generators.

2.3. Fabrication of the samples

The formulation as shown in Table 1 were mixed with water,
kneaded and filled into a mould to ensure dimensional accuracy. The
prepared samples before sintering were dried in open air at room
temperature for three days and further dried in an oven at 100 °C. Next,
sintering at 1150 °C for 2 h at 5 °C/min was conducted on the samples
(25 mm X 25 mm X 25 mm). Sample prepared with styrofoam as pore
former was denoted as sample A, sample prepared with sawdust as pore
fore was denoted as sample B, while sample prepared with kaolin alone
was denoted as sample C.

2.4. Morphological studies

The morphology of the samples was studied on a FEI X1-30 scanning
electron microscope (SEM) operated at 15 kV. Field emission scanning
electron microscope (FESEM) images of the samples were conducted
using a Hitachi S-4800 FESEM operated at 5 kV to visualize topographic
details on the surface of the samples as a complement to SEM images.
The samples for both microscopic observations were gold sputtered
with an ultrathin (5 nm) coating of gold under vacuum for 3 min.

2.5. Measurement of the apparent porosity

The apparent porosity was calculated using Eq. (1)

W—-D
Apparent porosity = X 100
PP p ty ( W—s )

@
where: W=Weight of immersed sample when suspended in air;
D = Weight of sintered sample and S = Weight of sintered sample
suspended in water.

2.6. Acoustic emission tests

Acoustic emission equipment was used to experimentally in-
vestigate the crack modes in the samples during the cooling stage using
the DAKEL-XEDO-3 AE system. A piezoelectric AE sensor MST8S (@
3 mm, flat response in the frequency interval from 100 up to 600 kHz)
was mounted to one end of an alumina rod (@ 3 mm, length 20 cm),
which served as a waveguide. The AE activity was collected as counts
per second (count rate) and plotted against the measured temperature.
More details on the experimental protocol have been discussed in a
study carried out by Amlabu et al. (2019). The protocol was conducted
at a heating rate of 10 °C/min up to 1200 °C with a dwell time of 4 h
and the furnace was cooled at 5 °C/min.

2.7. Mechanical testing
The formulation (Table 1) in powdery form was cold pressed with a

pressure of 500 Pa into square shaped pellets
(25 mm x 25 mm X 25 mm). Next, the pellets were subjected to heat
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treatment at 1000 °C for 2 h in a muffle furnace at a heating and cooling
rate of 5 °C/min and allowed to furnace cool. The mechanical proper-
ties measurements conducted for the prepared pellets were hardness,
compression strength, Young modulus and fracture toughness.

2.7.1. Hardness testing

The micro hardness (Hv) of the sintered samples was determined via
the Vickers indentation with a micro hardness tester (HV-1000). The
pellets were subjected to an applied load of 300 g for a dwell time of
10 s. A total of 5 indentations were made and the resulting hardness
values were averaged.

2.7.2. Compressive strength evaluation

The compressive strength of the prepared pellets was determined
using a universal testing machine (UTM), equipped with a 5 kN load
cell.

2.7.3. Fracture toughness testing
The fracture toughness, K;c in MPa was calculated from hardness
test parameters according to Eq. (2):

E )0.5 P

Kjc = 0.016| — —_—
e (Hv c1s )

where: Hv = micro hardness value,

E = Young modulus,

P = applied load,

C = is the crack length. The other details of mechanical evaluations
are reported elsewhere (Obada et al., 2020).

3. Results and discussion

The pronounced reflections (Fig. 1) at 20 = 12.36°, 24.90°, 35.98°,
38.46°, 45.66°, 55.12° and 62.34° were identified as belonging to kao-
linite, in agreement with reports elsewhere (Nandi et al., 2008; Nandi
et al., 2009). On the XRD spectrum of sawdust (Fig. 1), the reflections of
the crystalline plane were observed at 20 = 22°, and lowest value of
amorphous region was found to be at 26 = 18° which corresponds to
(101) and (002) lattice planes of cellulose. A tiny reflection was also
observed at 20° =34.7°, attributing to (400) plane of crystalline cel-
lulose. Considering styrofoam, a broad reflection was noticed at ~20°
indicating the amorphous nature of polystyrene (Ismail et al., 2017).

Styrofoam
3
5
>
=
(7]
c
) Sawdust
e
£
K I-illite
K-kaolinite
Q-quartz
K Kaolin
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
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Fig. 1. X —-ray diffraction patterns of raw materials.
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The morphology of the prepared samples with kaolin and 10 vol% of
pore formers fired at 1150 °C for a holding time of 2 h is shown in
Fig. 2. On the images, some intervening pore walls can be seen on
images: a,b and, a'b’ which is due to the fraction of pore formers em-
bedded. Images c and ¢’ show very limited pores embedded because no
pore formers were incorporated. Typically, the open pores embedded in
a ceramic membrane are characterized by the intergranular packing
influence of the starting raw materials which is mainly dependent on
the surface topography and the distribution of the particle sizes. Hence,
open pores are more noticeable on samples with styrofoam as compared
with sawdust as porogens. Open porosity was observed to increase re-
latively to the reference sample (0% pore formers) as well, which in-
dicates that the addition of the pore formers is quite responsible in
enhancing the porosity.

The apparent porosity of the samples was further evaluated by
water immersion method (Table 2). Following up on the SEM images, it
is possible to speculate that the open pores on the surface of the samples
which were quite evident with styrofoam as pore formers may also have
penetrated through the samples, hence the enhanced porosity value for
sample A.

Fig. 3 presents the recorded AE activity during the cooling phase in
terms of counts per second (cps). The first signals appeared at 800 °C,
where the compressive stresses led to a formation of microcracks. These
stresses originated from the different thermal expansion coefficients of
the different phases. The beginning of the microcrack formation was
observed at the same temperature in all samples, thus being in-
dependent on the porosity. In the vicinity of the temperature of
~576 °C, where the § — a transformation of quartz takes place, a re-
laxation of stresses led to a decrease in the AE activity. This feature was
observed in all samples. As the temperature further decreased, a for-
mation of circumferential cracks around the quartz grains led to the
recorded AE activity (Knapek et al., 2016). The increased porosity led
to a decreasing AE activity which was more evident in the sawdust pore
induced sample, suggesting that the porosity suppressed the crack for-
mation. The AE activity is observed during the whole cooling range,
suggesting that the microcracking occurs over the whole temperature
interval.

Fig. 4 presents the FESEM images of the fractured surfaces with
inherent cracks. The microstructure reveals that more cracks were ob-
served on the surface of the sample C (sample prepared with kaolin
only). Cracks noticed for the pore embedded samples were as a result of
the burn-out of the porogens and possible cracks between the walls of
the voids and the thermal expansion gradient of the porogens during
the heating process. The large cracks observed on the samples can
contribute significantly to the gradient in their mechanical properties.
Stemming from the AE results and relating same to the FESEM images,
the increased porosity suggests that the porosity suppressed the crack
formation.

The large particles observed in the FESEM images is as a result of
the random structure of the kaolin powders which can induce different
shapes and sizes and has the tendency to change orientation due to the
preparation protocol. Particle agglomeration as observed in Fig. 4 can
be attributed to the smaller particle sizes of kaolin and smaller particles
tend to agglomerate more easily. These small particles formed a cluster
of agglomerated particles and large particle sizes of kaolin were ob-
tained. These assertions are in line with studies carried out by Masuda
et al. (2006) and Capes (2013). It is not clear if the presence of large
particles influenced the appearance of cracks, however, that could be
investigated in more detail.

Based on our knowledge, the propagation of cracks has been noticed
to start near macro pores embedded in the samples and at different
locations inside the samples (see SEM and FESEM images). Then, these
cracks propagate especially by linking macro-pores through their
clusters. Regularly spaced macro pores were observed for samples with
sawdust as pore formers which should lead to improved fracture
strength. These observations are in line with the hypothesis developed
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Fig. 2. Scanning electron microscopy images of (a) Kaolin + Styrofoam; (b)Kaolin + Sawdust; (c) Kaolin - at higher magnification (500 X ) and (a’) Kaolin +

Styrofoam; (b’) Kaolin + Styrofoam (c’) Kaolin- at lower magnification (200 X ).

Table 2
Porosities of the samples.

Sample code % P, % Py, % P. % Py % Pe % Payg  SD

A (styrofoam 10%) 47.13  47.01 47.12 47.10 47.11 47.09 0.05
B (sawdust 10%) 41.30 41.27 41.21 41.25 41.21 41.24 0.03
C (Kaolin only) 28.63 28.61 28.63 28.60 28.61 28.61 0.01

% P,.. = Percentage porosities of each of the 5 samples.
% P,,s — Average percentage porosities of each of the 5 samples.
SD = Standard Deviation.

by different authors (Cannillo et al., 2004; Tancret et al., 2006) about
the influence of the clusters of macro pores.

Mechanical measurement data are presented in Fig. 5. Hardness
(Hv) of the samples were observed to increase from 0.51 GPa to around
0.70 GPa as we go from sample with styrofoam to sample with sawdust,
meaning the sample without pore former (kaolin alone) was measured
as having hardness value of 0.68 GPa, which was a value between the

values measured for the pore induced samples. The gradient in me-
chanical properties for these samples, especially for the sample with
sawdust as pore formers with the highest hardness value can be at-
tributed to the fraction of porosity which is able to arrest the crack and
offer relative resistance to its propagation as shown in AE and FESEM
results. It is also possible that a higher suppression of grain growth in
the sample with sawdust as pore formers which significantly minimizes
free path for dislocation movement may have enhanced the hardness.
Compressive strength for sample C (kaolin alone) was higher as com-
pared to other samples. Compressive strength values recorded for
samples A, B and C are 6.0, 6.3 and 9.2 MPa respectively. The gradient
observed here is related to the maximum stress the samples absorbed
before failure. This means that the yield strength for sample C is higher
as it takes more time to completely fail as compared to the other
samples. The elastic modulus (ratio of stress to strain) which measures
the stiffness of the material shows that sample B has the highest re-
sistance to elastic deformation and this can also be attributed to its
tendency to relatively suppress crack propagation. The advantage of

1000 ‘ ( ) 1000
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g @
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Fig. 3. AE signal intensity (a) Kaolin + styrofoam; (b) Kaolin+ Sawdust; (c) Kaolin.
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Fig. 4. FESEM images of (a) Kaolin + Styrofoam; (b)Kaolin + Sawdust; (c) Kaolin - at lower magnification (500 x) and (a’) Kaolin + Styrofoam; (b’) Kaolin +

Styrofoam (c’) Kaolin- at higher magnification (1000 x).
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Fig. 5. Mechanical measurement data for the samples.

having a homogeneous distribution of pores on the mechanical strength
in compression for all the samples tested in this study has already been
noted for anisotropic porous ceramics processed by freeze-casting
(Deville et al., 2015) or robocasting (Miranda et al., 2008). Enhanced
fracture toughness values can be observed for sample B (4.77 MPa.m'/

2) compared to that of samples A and C with fracture toughness of 1.48
and 2.93 MPa.m'/? respectively. Again, the ability of sample B to
provide relative resistance to crack propagation is the reason for its
enhanced fracture toughness.

4. Conclusions

Kaolin-based ceramics with 2 different types of pore formers were
prepared. After sintering, the apparent porosity of the samples was
measured. The values confirmed the increased porosity of the samples
with the sample prepared with styrofoam inclusion producing a por-
osity value of up to 47%. Acoustic emission (AE) activity was recorded
in the cooling stage of firing. The AE counts appeared at 800 °C, where
the compressive stresses between the different phases (particles with
different coefficients of thermal expansion) led to an appearance of
microcracks. By introducing porosity to the samples, the AE signals
were less pronounced, especially for the sample with sawdust as pore
former (Sample B), thus the microcracking was suppressed. Enhanced
fracture toughness values observed for sample B (4.77 MPa.m'/?)
compared to that of samples A and C with fracture toughness of 1.48
and 2.93 MPa.m'* was in line with AE measurement data and but-
tressed the fact that the enhanced fracture toughness noticed for sample
B is due to its relative resistance to crack propagation. Mechanical
measurements on samples used for physical, chemical and AE mea-
surements prepared with the sintering protocol (1150 °C) as adopted in
this study are necessary to further investigate the role of thermal match
on the crack and mechanical behaviour of the porous ceramics.
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